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Abstract

The in-field protein production of four macroalgae (Gracilariopsis vermiculophylla, Gracilaria gracilis, Gracilariopsis
longissima, Ulva australis) and three seagrasses (Cymodocea nodosa, Zostera marina, Zostera noltei) was investigated in
four transitional water systems over one year. The protein content in macroalgae ranged from 1.0 to 25.1% and was inversely
related with water temperature. The annual protein production was the highest for G. longissima (500 g dw m~2 year™"), fol-
lowed by G. vermiculophylla (350 g dw m~2 year™"), U. australis (33 g dw m~2 year™') and G. gracilis (270 g dw m™2 year™ ).
The most productive months spanned between March and August for G. longissima and between December and May for G.
vermiculophylla, reaching 78% and 85% of the annual production, respectively. The protein production was more uniform
over the year for the other two macroalgae. The protein production in seagrasses was averagely from 3.4 to 12 times lower
than in macroalgae and reached 77.8 g m~2 year™! in C. nodosa, followed by Z. marina with 55.6 g m~2 year™! and Z. noltei
with 30.6 ¢ m~2 year™!. The peak production between April and August accounted for 63-98% of the annual production.
Rhizomes displayed the lowest protein contents (1.2-3.4%), almost half in comparison with leaves (2.3-5.1%) and the
lowest protein production with 21.0 g m~2 year™! for C. nodosa, 6.3 g m~2 year™! for Z. marina and 9.0 g m=2 year™! for Z.
noltei. Aquatic macrophyte productions proved to be competitive with the main crops currently cultivated on land without
competing in terms of land and freshwater destination. The challenge is still open on the front of digestibility and protein
extraction but sustainable management and production of macrophytes (especially macroalgae) can significantly contribute
to the global protein production in coastal areas.
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Introduction

Future prospects of climate change and overpopulation
pose complex challenges because our food provision-
ing, production and distribution systems still prove to be
unsustainable. This unsustainability is highlighted by the
loss and progressive deterioration of essential ecosystem
services because of mismanagement and overexploitation
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(Millennium Ecosystem Assessment 2005). The concerns
for an environmental-friendly and sustainable provision and
production of high quality proteins for food and forage led
to the proposal by non-governmental organizations of an
international innovation partnership, the “Protein Challenge
2040”: to explore how it will be possible to balance sup-
ply and demand for protein by a growing population (Rosen
2015). Indeed, the optimization of current agri-aquacultural
practices, the selection of new plant (Allard 1999) and algal
species (Rajauria et al. 2015) and genetic improvement
(Nelson 1969; Uzogara 2000) will probably increase the
foodstuffs availability and the protein content. However, if
we consider the species currently available for the produc-
tion of biomass and proteins, the attention should be shifted
from land to coastal transitional water systems (TWS). The
TWS are among the most productive environments (Iglesias-
Campos et al. 2015) and, at the same time, some of the most
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compromised and threatened by pressures, such as pollu-
tion, nutrient discharge, climate change, overfishing, habitat
conversion and invasive species. Understanding the produc-
tion and renewability of resources from environments is a
necessary condition for a sustainable use. Regarding protein
production, the aquatic macrophytes represent the basis of
biomass production in TWS food webs (Goldman 1969).
Considering the grazing pressure exerted on them, and the
loss of about one order of magnitude in terms of energy and
biomass in the food chain from primary producers to graz-
ers and then to carnivores (Colinvaux and Barnett 1979),
the primary producers represent the most important source
of protein in TWS. Consequently, the primary producers
are fundamental providers of ecosystem services in terms
of biomass and protein production for both provisioning
services (for protein harvesting) and regulation and main-
tenance services (protein supply to the environment itself)
(Haines-young and Potschin 2018). Actually, the largest part
of protein provisioning in the form of fishery resources in
Europe consists of herbivores/filter feeders, predators and
scavengers corresponding respectively to second and third
level of the trophic food web, with a significant reduction in
the protein yield retrieved from TWS in comparison with the
potential protein yield associated with primary producers.

In order to quantify the protein production capacity in
temperate TWS we have undertaken a study to estimate:
the monthly/annual production of proteins of the dominant
primary producers in 4 stations of the Venice Lagoon (Italy),
together with the physico-chemical parameters that charac-
terize the areas. The species considered for this investigation
were: 4 macroalgae—Gracilariopsis vermiculophylla Ohmi,
Gracilaria gracilis (Stackhouse) Steentoft, L.M.Irvine &
Farnham Gracilariopsis longissima (S.G. Gmelin) Steentoft,
L.M. Irvine & Farnham, Ulva australis Areschoug—and 3
seagrasses -Cymodocea nodosa (Ucria) Ascherson, Zostera
marina Linnaeus 1753, Zostera noltei Hornemann.

Materials and Methods
Study area

Macroalgae growth was investigated in a shallow water area
(average water depth 0.6—-0.8 m) of Venice Lagoon (Italy)
along the landward, on south-western side of the bridge
watershed connecting the Venice historical centre to the
mainland (Fig. 1). The station Tresse (TR: 45°26'09.18"N;
12°16'17.76"E) was characterized by high nutrient concen-
trations conveyed mainly by the Brentella river and high
water circulation and renewal ensured by two large canals
(Vittorio-Emanuele and Malamocco-Marghera). The growth
for all the four macroalgal species was investigated in the
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same station in which they naturally grew often mixed
together or in patches at a short distance from each other.
Seagrass growth was investigated in three stations charac-
terized by monospecific dominance and high water renewal:
two along the seaward, in proximity of the water inlets of
Malamocco and Chioggia and one midway in proximity of
the large Perognola canal in an internal shallow water area.
From North to South these were: Santa Maria del Mare
(SMM: 45°19'51.0"N; 12°18'44.5"E) for C. nodosa, Petta di
Bo (BO:45°16'16.5"N; 12°15'03.2"E) for Z. noltei and Ca’
Roman (CR: 45°15'15.5"N; 12°17'34.0"E) for Z. marina.

Physico-chemical parameters

The main physico-chemical parameters of water column
were measured in the stations at each sampling campaign
as previously reported in Sfriso et al. (2017), and water tem-
perature (T° w), pH (pHw), redox potential (Ehw), dissolved
oxygen (DO), salinity (Sal), suspended filtered particulate
matter (FPM), total chlorophyll-a (Chl-a) and nutrient con-
centrations—nitrites (NO,"), nitrates (NO;~), ammonium
(NH,™), reactive phosphorus (RP) and reactive silica (Si) -.

Seagrass production

Seagrass growth was estimated as in Short and Duarte
(2001) and Sfriso and Ghetti (1998) along one year. Six
biomass samples (20 %25 cm for Z. marina and C. nodosa
and 10X 25 cm for Z. noltei) were sampled each month. In
laboratory, seagrasses were washed and gently scraped in
order to remove sediment, epiphytes and both leaves and
rhizomes were separately weighed for the estimation of bio-
masses expressed as g fw m~2. After drying each part, we
weighed and converted data in g dw m~2. Every month one
sample was collected for the analysis of the protein content
and the net gains in biomass per month (converted to dw and
m~2) were multiplied by protein percentage to estimate the
protein production.

Macroalgal production

The macroalgae growth was measured in field as in Sfriso
and Sfriso (2017) along one year. Briefly, a wet weight of
200 g of G. vermiculophylla, G. gracilis, G. longissima,
U. australis was placed in cubical cages (25x25x25 cm,
mesh size 1 cm), one species per cage, taking into account
the infield mean biomass of approx. 3 kg fw m~2 (fw: fresh
weight). The cages were placed on the bottom of the station
and the algal biomass was weighted at intervals of 7-11 days.
At each sampling campaign biomasses were drained by a
salad spinner, weighted, then the initial 200 g were restored
(removing or adding sample to the cage) so that the produc-
tion rate could be comparable. Data were converted to g dw
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Fig. 1 Map of the Venice Lagoon —Italy- with sampling sites (black dots)

m~2 (dw: dry weight) after drying each part. The net gains
in biomass per month (g dw m~2) were multiplied by protein
percentage to calculate protein production.

Protein analysis

Samples of macroalgae and seagrasses were completely
dried, ground and stored in the dark. Samples were dried
in oven at 50 °C for 72 h before analyses. The ratios dry
weight/fresh weight (dw/fw) were recorded. Total proteins
were extracted in duplicate by NaOH 0.5 M at 100 °C for
15 min and were determined spectrophotometrically at
595 nm by Bradford assay (Bradford 1976), using bovine
serum albumin for the calibration curve. The analytical error
was within 4%.

Statistical analysis

Principal Component Analysis (PCA) was performed sepa-
rately on monthly values of each species of seagrasses and
macroalgae using “FactoMineR” and “factoextra” pack-
ages on R software version 4.0.3. PCA of seagrass data
analysed the multivariate patterns of the matrix of 36 cases
(monthly values for the three stations) in response to the
independent variables (water temperature, pHw, Ehw, DO,
Salinity, FPM, Chlorophyll-a, and nutrient concentrations
-nitrite, nitrate, ammonium, silicate-). PCA of macroal-
gae data analysed the patterns of the matrix of 12 cases
(monthly values for Tresse station) in response to the same
parameters.
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Results A 350,
Environmental factors Sl
25% -
The geometric mean for all parameters applied to the 20% -
annual mean values of environmental parameters of the
stations ranked the stations from the one with averagely 15% 1
higher to the one with lower trophic conditions (Supple- 10% -
mentary material Table S1). The TR station displayed the 506 -
highest mean temperature, DO, pH, and trophy: with DIN
values significantly higher ranging from 2.11 to 54.7 ug 0% L
L~! and Chl-a from 0.93 to 10.3 pg L~!. Among the sea- JJ FMAMUJ J A S OND
grass stations, the trophic conditions recorded at BO (colo- —U. australis — -G. longissima
nized by Z. noltei) were the highest, especially concerning ——=G.gracilis e G. vermiculophylla
the mean RP values (0.95 pg L™' — almost three times
higher than in the other two stations), turbidity (FPM), b 150

reactive silica, salinity, pH, Eh and temperature. The sta-
tion CR (colonized by Z. marina) displayed instead the
highest DIN concentrations among the seagrass stations
(6.93 pg L™!) but presented average scores for the other
parameters. Eventually, SMM (colonized by C. nodosa)
was characterized by the lowest mean scores and trophic
level, but presented highest salinity, DO and Eh, confirm-
ing itself to be the most marine-like station among all.

Proteins in macroalgae

Macroalgae showed fluctuating protein percentages
throughout the year (Fig. 2a) ranging from 1.0 +0.0 to
25.1+£0.7%. The average annual protein percentage was
similar for all Gracilariales with an overall mean value
of 11.1 +£5.7% and peak percentages recorded in Febru-
ary and mid-summer (18.2+0.5% for G. longissima).
The green seaweed U. australis displayed the least pro-
tein content with a slightly lower average annual score
of 7.3 +3.2% and the maximum protein percentage,
never exceeded 13.0+0.4%. A marked seasonal trend
was noted for Gracilariales with a higher mean protein
content (17.1+5.4%) during cold winter months (Dec-
Feb) in comparison with the mean value for the rest of the
year (9.1 +4.3%). Conversely, U. australis displayed two
marked protein content peaks in spring and autumn at mild
temperatures (Feb/Nov).

Inconsistent with the annual protein percentages, the
annual protein productions (which are linked not only to
the protein content but also to the algal growth) appeared
to be very different. The annual protein production for
macroalgae was the highest for G. longissima (500 g
dw m~2 year™!), followed by G. vermiculophylla (350 g
dw m~2 year™!), U. australis (330 g dw m~2 year™!) and
G. gracilis (270 g dw m~2 year™!). In terms of protein
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Fig.2 a Protein percentage in macroalgae (U. australis, G. gracilis,
G. longissima, G. vermiculophylla) during one year. The standard
deviation was within+3.6%. b Monthly protein production of mac-
roalgae (U. australis, G. gracilis, G. longissima, G. vermiculophylla)
from January to December. The error bars show the average coeffi-
cient of variation (n=12)

production, the most productive months spanned from
March to August for G. longissima, reaching 78% of the
annual production, and from December to May for G. ver-
miculophylla, reaching 85% of the annual production. The
protein production was instead quite uniform over the year
for the other two macroalgae (Fig. 2b). With a view ori-
ented to the harvest optimization, these represent the ideal
months for the provision of the aforementioned species.

Proteins in seagrasses

The protein percentages and the seagrass productions were
subdivided between leaves and rhizomes due to the dif-
ferent ecological role and fate. The leaves are exposed to
grazing, changing their lengths according to the different
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growing periods and the oldest one detaches periodically
every 15-90 days during the growing period being often
transported by the currents in the open sea and on the nearby
shores. Conversely, the rhizomes represent a more stable
biomass buried in the sediment. The leaves presented an
averagely higher protein content in comparison with rhi-
zomes (1.7 times higher scores), ranging between 2.3 +0.0
and 5.1 +0.2%. However, in comparison with the protein
content of macroalgae, seagrasses displayed a much lower
and steady protein fraction both in leaves and rhizomes
(Fig. 3a-4a). Protein production was also a lot lower in sea-
grasses in comparison with macroalgae. In order to appre-
ciate the seasonal variations of protein content and produc-
tion in seagrass leaves (Fig. 3a,b) and roots (Fig. 4a,b) the
scale of the graphs was set 6 times lower in comparison
with the macroalgae graphs of Fig. 2a,b. Also considering
the sum of leaf and rhizome production for each species the
seagrass production was averagely 3.4—12 times lower than
in macroalgae. The annual protein production in seagrass
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Fig.3 a Protein percentage in seagrass leaves (C. nodosa, Z. noltei,
Z. marina) over one year. The standard deviation was within+0.5%.
b Monthly protein production (g dw m™2) of seagrass (C. nodosa, Z.
noltei, Z. marina) leaves from January to December. The error bars
show the average coefficient of variation (n=12)
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Fig.4 a Protein percentage in seagrass rhizomes (C. nodosa,
Z. noltei, Z. marina) over one year. The standard deviation was
within+0.5%. b Monthly protein production of seagrass (C. nodosa,
Z. noltei, Z. marina) rhizomes from January to December. The error
bars show the average coefficient of variation (n=12)

leaves was highest in C. nodosa (77.8 g m~? year™!), fol-
lowed by Z. marina (55.6 g m~2 year™') and Z. noltei
(30.6 g m~2 year™!) with a peak between April and August
accounting for the 98%, 63% and 84% of the annual produc-
tion, respectively. Rhizomes, not only displayed the lowest
protein contents, but also the lowest production ranging from
21.0 g m~2 year™! for C. nodosa, to 9.0 g m~? year™'for Z.
noltei and 6.3 g m~2 year™! for Z. marina, without significant
seasonal changes (Fig. 4b).

Multivariate analysis

PCA analysis was carried out separately for macroalgae
(Fig. 5a) and seagrasses (Fig. 5b) on the biochemical vari-
ables and the average monthly values of the environmen-
tal parameters, consisting in two (seagrasses)/three (mac-
roalgae) samples per month. Figure 5a displayed a PCA
biplot which explained the 58.9% of the total variance. The
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Fig.5 a PCA biplot for

PCA - Biplot Algae

macroalgae. b PCA biplot for a
seagrasses. Legend: Sal=Salin-
ity; DIN =Dissolved Inorganic
Nitrogen; pHw = water pH;
Ehw =water Eh; Chl-a=total
chlorophyll-a; T°w = water
temperature; Si=reactive silica;
FPM =filtered particulate mat-
ter; % Rhizomes/leaves = pro-

tein percentage in seagrass
rhizomes/leaves; DO =dissolved
oxygen; RP =reative phospho-
rus; % Ulva/G. grac./G. long./G.
verm. = protein percentage 2
in U. australis/G. gracilis/G.
longissima/G. vermiculophylla
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macroalgal protein contents grouped on the right side of Discussion

the biplot displaying positive association with DIN, RP,
salinity and FPM. In contrast, they were inversely related
to water temperatures and Chl-a concentrations. The PCA
in Fig. 5b displays instead a biplot which explains the
37.7% of the total variance. The percentages of proteins
both in leaves and rhizomes grouped on the right side of
the biplot and were associated to dissolved oxygen, pHw
and Ehw. On the other side, water temperatures, turbidity
(FPM) and nutrient concentrations displayed an inverse
relation with the protein content. In the case of macroalgae
only temperature and phytoplanktonic blooms lowered the
protein content, on the other hand the seagrass protein
content was also lowered by high nutrient concentrations.
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Macroalgae and seagrasses are recognized to be important
ecosystem service providers in TWS (Mtwana Nordlund
et al. 2016) and are the main primary biomass produc-
ers in coastal areas. Among the numerous ecosystem ser-
vices provided there is the production of proteins whose
nutritional contribution is fundamental to the sustenance
of grazers and the subsequent levels of the trophic chain
(Scott et al. 2018). Macroalgae are a resource that is often
cultivated and managed with a view oriented to biomass
provisioning. Conversely, numerous actions and regula-
tions have been pursued for the protection and recovery
of seagrass environments (see the funded EU initiatives:
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Life SEAFOREST, Life SEPOSSO, Life SERESTO, Life
TRANSFER and many others) in order to restore the
regulation and maintenance ecosystem services these
species provide (Mtwana Nordlund et al. 2016). There-
fore, direct seagrass harvesting for provisioning services
would weaken the seagrass meadows protection and recov-
ery actions and it is not a management option. Seagrass
meadows, however, play a fundamental ecological role,
the proteins produced and stored in the leaves not only
contribute to the natural foraging of the local fauna but at
the end of the life cycle, the leaves detach and float in the
form of mats in the sea, eventually beaching on the coasts,
contributing also to the foraging of open sea species and
of beach fauna such as invertebrates, birds and mammals
(Heck et al. 2008). Although, the direct use of seagrasses
should be discouraged in order to favor seagrass meadows
protection, these represent an important supply of detritus
(Heck et al. 2008) and proteins for coastal marine ecosys-
tems. The protein production of the segrassess produces an
indirect return (in terms of protein provisioning) through
the foraging of valuable fish and bird species (Heck et al.
2008). On the other hand, macroalgae are often a plentiful
resource in TWS and large quantities of this resource (up
to 20 kg fw m~2), if not exploited, are regarded as a prob-
lem when “green and black tides” occur due to seaweed
overgrowth and degradation (Sfriso and Facca 2007). This
is an issue still far from being solved (Bastianini et al.
2013; Sfriso 2015; Menesguen 2018) and is connected to
the lack of knowledge and techniques on the use of this
biomass. The growth rate of this resource is fairly higher
than that of plants (both aquatic and terrestrial) with mean
relative growth rates of 10-20% (up to 33% day~'; Sfriso
and Sfriso 2017), which are lower than microalgae growth
rates (up to 50% day~';Duong et al. 2015; Latiffi et al.
2017) but, keeping a constant field biomass of 2-3 kg fw
m~2, Gracilariaceae provide a biomass yield up to 4.7 kg
dw m~2 year™!, reaching 5.7 kg dw m~2 year~! when cul-
tivated in controlled conditions (Table 1). Additionally, if

Table 1 Biomass production in macro and microalgae

U. rigida growth in tank is considered, biomass produc-
tions ranging from 4.4 to 14.7 kg dw m~2 year™'could be
obtained. This production is comparable with the auto-
trophic growth of microalgae in raceway open ponds
from 3.2 to 18.2 kg dw m~2 year™'. In Table 2 the protein
production per area (that depends on both biomass pro-
ductivity and protein content) of the main food crops was
compared with the protein production from macroalgae
and microalgae. The animal annual protein production
(actually still the main global protein source) was the low-
est with fractions of gram to few grams per square meter.
For commercial crops, a higher protein production was
reported in comparison to animals, ranging from 0.023 to
0.250 kg dw m~2 year™! with the highest yields reported
for legumes. The protein productions found for seagrasses
in this study (0.040-0.099 kg dw m~2 year™!) fell in the
range reported for crops (Table 2) with 77-89% of the
production associated to the leaves, that are the most eco-
logically relevant part of these species. The highest protein
scores among the vascularized plants have been reported
for Lemnoidae, commonly referred as duckweed, a small
free-floating family of freshwater plants, with high protein
content and an areal protein production (0.2-2.3 kg dw
m~2 year™!) comparable to that of micro- and macroalgae.

Macroalgae protein productions in this study ranged
0.270-0.500 kg dw m~2 year™! falling in the protein pro-
duction range estimated for Gracilariaceae and Ulvaceae.
In terms of provisioning services, considering the recom-
mended daily intake of good-quality protein of 0.83 g (kg
of body weight)~! day™' (EFSA 2012) and the average
weight of an adult of 75 kg (Walpole et al. 2012), the
annual protein demand is approx. 23 Kg year™! capita™".
In order to sustain the annual protein demand for one per-
son (assuming 100% protein digestibility) it should be
necessary approx. 40-80 m? capita™' of macroalgae or
200—600 m? capita~! of seagrass for protein production
(with the production range recorded in the Venice Lagoon

Species Condition Author biomass production Kg dw m~2 year™!
G. verrucosa pond McLachlan and Bird (1986) 6.6 g dw m~> day~! 24

G. verrucosa in field, bay McLachlan and Bird (1986) 4.7 g dw m~> day~! 1.7

G. verrucosa in field, coastal McLachlan and Bird (1986) 2 g dw m~> day~! 0.73

G. verrucosa small scale culture McLachlan and Bird (1986)  3-13 g dw m~2 day~! 1.14.7

G.gracilis suspended open-water Wakibia et al. (2001) 47 t dw ha™! year™ 4.7

G.gracilis in tank Edding et al. (1987) 11.9-157  gdwm > day™! 43-57

U. rigida in tank del Rio et al. (1996) 122-402  gdwm > day”! 4.4-14.7
unspecified microalgae raceway ponds Chisti (2007) 0.01-0.05 Kg dw m~2 day ™! 3.6-18.2
Acutodesmus/ Pseudopedi- ~ dominant species in Hong et al. (2017) 8.9 g dw m~> day~! 32

astrum/ Coelastrella sp. raceway ponds
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Table 2 Protein content and production by different species

Protein Protein Production
Species Condition Author
Yodw kg dw m? year’!

Animal protein!

Pimentel et al. (1975)

0.00022-0.0116

higher plant crops? Kaldy (1972) 0.023-0.067
higher plant crops? Pimentel et al. (1975) 0.0058-0.071
higher plant crops* Popp et al. (2016) 11-40 0.040-0.250
Lemnoideae (duckweed) Popp et al. (2016) 35-45 0.3-1.4
Lemnoideae (duckweed) suboptimal Leng et al. (1995) 35-43 0.2-2.3
Unspecitied macroalgae Popp et al. (2016) 0.25-0.75
G. gracilis in field, lagoon Francavilla et al. (2013) 31-45

G. gracilis in field Mensi et al. (2020) 20.7-22.0 0.1-2.6*
Gracilaria sp. in field, lagoon Sfriso et al. (1994) 16.7-25.8

U. rigida in field, coastal Korzen et al. (2016) 3.7-6.0

U. rigida in field, coastal Satpati and Pal (2011) 6.64 0.3-2.3*
U. rigida in field, littoral Paiva et al. (2017) 15.8

Unspecified microalgae Popp et al. (2016) 25-50 0.4-1.5
microalgae’ controlled conditions  Han et al. (2019) 26.5-53.3

microalgae and cyanobacteria® controlled conditions  Gonzalez Lopez et al. (2010) 30-55 0.8-10%*
microalgae’ controlled conditions  Fabregas and Herrero (1985) 39-54

G. vermiculophylla in field, lagoon this study 3.7-21.3 0.350

G. gracilis in field, lagoon this study 1.2-25.1 0.270

G. longissima in field, lagoon this study 1.0-25.1 0.500

U. australis in field, lagoon this study 2.2-13 0.330

C. nodosa - (leaves and rhizomes) in field, lagoon this study 24-5.1 0.099

Z. marina - (leaves and rhizomes) in field, lagoon this study 1.4-42 0.062

Z. noltei - (leaves and rhizomes) in field, lagoon this study 1.2-5.1 0.040

*estimates based on the productivity ranges of Tab.la (min production x min protein % - max production x max protein %)
I'beef, broilers, catfish, eggs, milk, pork.

2beans, corn, peas, soybean, wheat

3 alfa-alfa, beans, Brussels sprouts, cassava, corn, hay, oats, potatoes, rice, sorghum, soybeans, wheat.

4 alfa-alfa, beans, grass, lupine, oat, peans, quinoa, rapeseeds, soybeans, sunflower, sugarbeet.
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for macroalgae of 0.270-0.500 kg dw m~2 year™! and for
seagrasses of 0.040—0.099 kg dw m~2 year™ ).
Eventually, the highest estimated protein production in
the range 0.4—10 kg dw m~2 year™! was reported for micro-
algae. Because of this extraordinary growth many efforts
have been invested in the development of technologies for
microalgae cultivation (i.e. whose growth outclasses the
crops production by an order of magnitude of productiv-
ity; Hintz and Heitman 1967) promising the resolution of
the predicted so called “protein gap” (Becker 2007). How-
ever, these efforts have not yet paid off with a sustainable
production of microalgae and proteins of algal origin. The
high production costs, technical difficulties (such as the
maintenance of axenic cultures and a negative energy bal-
ance for many microalgae production plants; Lam and Lee
2012) make sustainable micro-algal protein production a
challenge still open (Becker 2007). Macroalgae (and Lem-
noideae) are instead exempt from many of the difficulties
bound to cultivation and harvesting that apply to microalgae,
sharing similar productivity with them, albeit to a slightly
lesser degree. Macroalgae harvesting and aquaculture pro-
duction is dominated by relatively few commercial species
for direct consumption or phycocolloid production: Sac-
charina japonica (Areschoung) C.E. Lane, C. Mayes et al.,
Undaria pinnatifida (Harvey) Suringar, Pyropia spp., Kap-
paphycus alvarezii (Doty) L.M. Liao, Eucheuma striatum
F. Schmitz and Gracilarial/Gracilariopsis spp. (Kim et al.
2017). However, macroalgae are seldom considered for
their protein content (Indegaard and Minsaas 1991) which
is variable with species and seasonality and can range from
5to 47% dw (Cerna 2011), with an amino acid composi-
tion similar to that reported for the proteins of eggs and
leguminous plants(Fleurence 1999) and an estimated digest-
ibility for example for Gracilaria sp. of 42% compared to
the proteins of milk (Marrion et al. 2005). The integration
of macroalgae in human and animal diets proved already
positive results for the high protein content and the richness
of essential amino acids, which in the case of Gracilariaceae
is comparable to that of chicken eggs (Norziah and Ching
2000; Makkar et al. 2016). The use of algae as fodder has
been successfully implemented (Hintz and Heitman 1967;
Ventura and Castafidon 1998; Hansen et al. 2003; El-Deek
and Brikaa 2009) and a FAO report (Hasan and Chakra-
barti 2009) underlined how the growth performance of fish
farmed and fed with diets based on 10-20% of macroalgae
provided similar results to commercial feed. However, the
feed formulations with percentages higher than 20% in term
of algal biomass (corresponding to a protein contribute of no
more than 3%) led to a progressive decrease in fish growth
due to the high content of ash, non-digestible complex car-
bohydrates (Hasan and Chakrabarti 2009) and thick cell
walls hindering the digestion progress. In order to increase
algal digestibility and protein assimilation, pre-treatments

of biomass with enzymes for hydrocolloid and cellulose
hydrolysis have been tested (Fleurence et al. 1995; Marrion
et al. 2005), increasing the extraction of proteins by 3 times
from Gracilaria verrucosa (subsequently distinguished in
the species G. longissima, G. gracilis and G. longa Gargiulo,
De Masi, Tripodi). Additionally, food grade protein isolates
have been successfully produced for both microalgae (Soto-
Sierra et al. 2018) and macroalgae (Gracilaria sp. and Ulva
sp.) by alkali treatment (Kazir et al. 2019) with protein con-
tents ranging from 70 to 86%, considerable concentrations
in all essential amino acids and good digestibility.

Special attention must be paid to contamination espe-
cially by heavy metals and metalloids in macroalgae when
harvested in field, as the high trophy areas where macroalgae
thrive can be affected by the presence of inorganic pollut-
ants that get easily bioaccumulated. For the Venice Lagoon,
in which the study was carried out, metal contamination in
macroalgae (Ulva sp. and Gracilaria sp.) was reported with:
As concentration in the ranges 2-32 ug g~! dw (Caliceti
et al. 2002) and 1.6-9.9 ug g~' dw (Juhmani et al. 2021);
Cd concentration in the ranges 0.13-0.27 (Sfriso et al. 1995)
and <0.1-0.7 ug g~! dw (Caliceti et al. 2002); Hg con-
centration in the range 0.1-0.3 ug g~! dw (Juhmani et al.
2021) and Pb concentration in the ranges 0.3-2.7 ug g~' dw
(Juhmani et al. 2021), 1.1-7.2 pug g_1 dw (Sfriso et al. 1995)
and 0.7-20.6 pg g~' dw (Caliceti et al. 2002). Taking into
consideration the upper limits established by European regu-
lations for toxic and bioaccumulative metals in macroalgae
and derivatives: inorganic As 3.0 ug g~' dw (CEVA - Centre
Etudes et de Valorisation des Algues 2019) for “commercial-
ized algae™; Cd 3.0 ug g~! dw (European Commission 2006,
2008) for “marine algae and derivatives”; Hg 0.5 ug g~! dw
(European Parliament 2002; European Commission 2006) for
“fishery products” and “feedingstuffs” from marine organ-
isms; Pb 3.0 ug g~ dw (European Commission 2008) for
“food supplements” and Pb 5 pg g~! (CEVA - Centre Etudes
et de Valorisation des Algues 2019) for “commercialized
algae”; special attention should be paid in Venice for Pb and
As contamination in macroalgae. However this contamina-
tion has proved to be highly localized in the near proximity
of the industrial Area of Porto Marghera and at the estuary
of the Osellino River. Moreover, especially Pb contamination
was reported to be dependent on algae age with an increased
metal bioaccumulation in older algae (Sfriso et al. 1995).
In a view oriented to maximizing production, a continuous
harvest of young and fast-growing thalli is encouraged dur-
ing the most productive periods thus limiting the prolonged
growth and aging of the thalli and the consequent accumula-
tion of metals within them.

Special attention should also be paid for the accumulated
iodine in macroalgae, especially in the case of direct inges-
tion of unprocessed seaweed. In regard to the macroalgal
species investigated, concentrations ranging 14-94 pg g~!
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were reported for Gracilariales and 12-79 ug g~! for Ulvales
(Solimabi and Das 1977; Milinovic et al. 2021). With con-
sideration of the tolerable upper intake levels for iodine of
the European Scientific Committee on Food (600 pg day ™"
Zimmermann and Trumbo 2013) and of the US Institute
of Medicine (1100 pug day™'; Zimmermann and Trumbo
2013) and the above mentioned macroalgae iodine concen-
tration ranges, the intake of macroalgae per capita should
not exceed 6.4-92 g dw day™' (from 5 to 6 times higher as
fw). This would approximately correspond to a daily protein
intake ranging from 0.5 to 10 g day~!. Even if food grade
protein isolates are produced, iodine should be monitored
as protein-bound iodine was reported to be an important
fraction of total iodine content in brown seaweeds and can
get easily extracted especially by alkali treatment (Hou et al.
2000).

The sustainability and the technological improvements
in the harvesting of macroalgae and in the processes aimed
at increasing accessibility to the protein fraction, digestibil-
ity and excess iodine removal are fundamental and will be
decisive for a future sustainable and efficient use of these
resources. Eventually, this study presents an invitation to
update national regulations in order to include the invasive
alga G. vermiculophylla in the list of usable species in order
not to preclude the possibility of using this important coastal
resource which can be harvested not only for its protein con-
tent but also as forage and for the production of agar—agar
(Sousa et al. 2010; Abreu et al. 2011; Sfriso et al. 2017).

Conclusions

Seagrasses and macroalgae showed important protein pro-
ductions in TWS, competitive with those of the main crops
actually harvested on land. Macroalgae in field displayed
a protein production from 3.4 to 12 times higher than sea-
grasses with a higher average protein content in Gracilari-
ales, highly variable with seasonality and inversely cor-
related with temperature. Seagrasses displayed a steady
protein content, 1.7 times higher in leaves than in rhizomes,
and a production centered in late spring-early summer. Many
areas deeply impacted by the effects of trophy and of difficult
ecological requalification are unlikely to see colonization
with seagrass beds in the coming years. In this perspective,
the destination of these areas for the cultivation or careful
collection of macroalgae can foster the local production in
terms of proteins, without competing in terms of land and
freshwater destination with other crops, while at the same
time subtracting excess of dissolved nitrogen and phosphates
from the water column.
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